Abstract Flexible polyurethane foams (FPF) are polymer materials that have high flammability. Fyrol PNX (FPNX) and expandable graphite (EG), have been used to modify the properties of these materials. The aim of this study was to assess the possibility of improving the thermal stability and flame retardancy of FPF by the addition of FPNX and EG fillers. The prepared foams were characterised by their apparent density, hardness, flexibility, irreversible strain and linear flammability, as well as thermogravimetric analysis (TGA), dynamic mechanical analysis, Fourier transform infrared spectroscopy (FT-IR) and pyrolysis combustion flow calorimetry (PCFC) measurements. The apparent density, hardness, flexibility and irreversible strain results showed that the addition of graphite and phosphorous fillers to the FPF makes slight changes to the mechanical properties, which remain within the acceptable norms. It was also observed that reducing the amount of Fyrol PNX and replacing it with the same amount of EG allowed similar values of linear flammability to be obtained with a simultaneous increase in thermal stability, as shown in the TGA study and the PCFC test. Moreover, it was found that the modification of flexible polyurethane foam by the addition of a mixture of FPNX and EG fillers allows the best properties of this type of materials to be obtained. This result indicates that this type of modification could be an effective way to improve the thermal stability of FPF.
Introduction
Polyurethanes (PUR) are polymer materials that have a wide range of applications in industry and households because of their numerous valuable properties and the ability to control many of their parameters during preparation. Flexible polyurethane foams (FPF) are widely used in many industries, including the furniture, construction and automotive fields. These materials are also commonly used in mattresses and upholstery foams. FPF have many advantages, such as a wide range of flexibility and hardness, good cushioning, high durability during use, good thermal and acoustic insulation properties, resistance to chemicals, low price and low density [1] [2] [3] . The main disadvantage of FPF is their high flammability. During the combustion of flexible polyurethane foam, a substantial quantity of toxic fumes is evolved. These toxic combustion products are mainly Carbon monoxide(CO), CO 2 , Hydrogen cyanide (HCN) and NO 2 . CO and HCN compounds are particularly dangerous. CO is dangerous for people at any concentration. In lower concentrations, it causes loss of movement coordination, and in higher concentrations, it may lead to sudden death. Hydrogen cyanide (HCN) is one of the most toxic gases. Only 0.011 vol.% causes death after 30-60 min, and 0.025 vol.% causes sudden death [4, 5] . In many applications (e.g., in vehicles and aircraft), all safety standards concerning the flammability and value of toxic substances that evolve during combustion must be met. For this reason, FPF are modified to reduce their flammability and smoke toxicity, while maintaining adequate mechanical properties. There are many types of modifications of FPF. The reduction of flammability is possible through the use of physical or chemical methods. In recent years, a popular method of modification has been the production of FPF with the addition of bromine and chlorine compounds. These methods provide an effective way to reduce the flammability of FPF, but bromine and chlorine fillers are halogen compounds that evolve dioxins, furans and other toxic substances during a fire. For this reason, these fillers have been banned in some countries (e.g., Germany). Restriction laws have also been imposed on the use of halogen compounds. For example, in February 2003 Restriction of Hazardous Substances Directive (RoHS) was adopted by the European Union. This directive restricts use of six hazardous substances including polybrominated biphenyls (PBB) and polybrominated diphenyl ether (PBDE) which are used as a flame retardants. Moreover, from 1989 exist Montreal Protocol on Substances that Deplete the Ozone Layer. The treaty is structured around several groups of halogenated hydrocarbons which plays a role in ozone depletion. All of these substances contains chlorine or bromine compounds. This protocol is designed to protect the ozone layer by phasing out the production of numerous substances containing these compounds. These restrictions have led to the search for new fillers that can reduce the flammability of polymers while remaining environmentally friendly and relatively safe for human health [6] .
In these studies, phosphorous (Fyrol PNX) and expandable graphite (EG) fillers have been investigated. Materials from the Fyrol group are commonly used to increase the thermal resistance of FPF and other polymer materials [7] [8] [9] . They give relatively good results, but they are quite expensive. In recent years, EG has been the subject of studies related to lowering the flammability of polymer materials [10] [11] [12] [13] [14] [15] [16] . EG is a product of natural origin that has specific properties. It is formed through the special physical and chemical treatment of graphite ore. EG is used as an additive causing the increase of fire resistance of insulations, plastics and coatings. As a result of heating above 150-200°C occurs the large volume expansion (about 250 times) of EG (it is formed expanded graphite), according to redox reaction between H 2 SO 4 and graphite. The blowing gases are formed according to the reaction [10, 12, 14] :
Expanded graphite forms a tight membrane that protects material by preventing oxygen and flames from accessing the deeper layers of the material during combustion. Studies indicate that the addition of EG may favourably affect the flammability reduction of polyurethanes [10, 14] . The greatest advantage of this material is its low price, which great reduces expenses in industrial production. The effect of the addition of FPNX and EG on flammability and thermal and mechanical properties has been investigated.
Experimental

Materials
FPF were prepared by the one-step method. The polyol used to produce the FPF was Arcol Polyol 1108 from Bayer Materials Science. Toluene diisocyanate (TDI) from Zachem S.A. was used as an isocyanate. Water was used as a blowing agent. Four types of FPF were tested in this study. The first foam was pure flexible polyurethane foam (FPF), and the others were made with the addition of a phosphorous filler (FPF ? FPNX), a graphite filler (FPF ? EG) and a mixture of the two fillers (FPF ? FPNX ? EG). At the beginning of the production of the FPF, some part of the polyol was mixed with a specified quantity of the filler using a mechanical stirrer. Then, this mixture was mixed with the remainder of the polyol. The following steps remained the same for foams with and without fillers, following the one-step production method that is widely used in the production of FPF.
FPF are formed as a result of the chemical reactions between the components. The urethane linkage is formed as a result of the reaction between the isocyanate groups with the hydroxyl groups from polyol [14, 17] :
The reaction between the water and the isocyanate leads to the production of carbon dioxide, which causes foaming of the mixture. The scheme of the foaming reaction is as follows:
The urea linkage is formed as a result of the reaction between amines (from reaction between water and isocyanate) and isocyanate groups:
Previous publications include a wide range of quantities of the fillers in polyurethane foams, from 1 up to 40 wt% [1, 3, 10, 14] . Following a review of the literature and considering the limits in the preparation of the polyol mixture with fillers (a high quantity of filler produces a high viscosity of the mixture), it was decided to initially use the following amounts of fillers: FPF ? FPNX-2.5 wt% of FPNX, FPF ? EG-2.5 wt% of EG, FPF ? FPNX ? EG-1.25 wt% of FPNX and 1.25 wt% of EG. The phosphorous filler Fyrol PNX was obtained from ICL Industrial Products. EG with a particle size of *0.18 mm and an expansion of *250 was obtained from Sinograf (Poland).
Methods
Physical and mechanical measurements
The apparent density tests were carried out according to PN-77/C-05012.03. The samples were measured and weighed. The value of the apparent density was calculated as a mass/volume ratio. The hardness tests were carried out according to PN-EN ISO 3386-1:2000 using a Zwick machine. Cuboid foams with sizes of 100 9 100 9 50 mm were placed in handles and compressed. The hardness value was the force required to compress the foam to 40 % of its height. Flexibility tests were conducted according to PN C 04255:1997. Three samples of *80 9 80 9 50 mm of each foam were measured. Irreversible strain tests were conducted according to PN-77/C-05012.10.
Thermogravimetric analysis (TGA)
TGA was used to analyse the thermal stability of the prepared foams. The TGA were performed using a TA Instruments TGA Q500. Samples of *8 mg were heated to 600°C at a heating rate of 10°C/min in a nitrogen atmosphere.
Dynamic mechanical analysis (DMA)
DMA were carried out in a DMA Q800 from TA Instruments. Samples with dimensions of 10 9 10 9 5 mm were tested using a multi-frequency mode with a compression clamp. The samples were heated at a heating rate of 3°C/min from -100 to 60°C. The frequency was 5 Hz.
Fourier transform infrared spectroscopy (FT-IR)
FT-IR was performed using a Nicolet 6700 FT-IR. The samples were scanned 64 times with a resolution of 4 cm -1 over the wavenumbers range from 4000-400 cm -1 . The spectral analyses were performed using an Omnic spectral analyser. On the basis of the FT-IR spectra of the analysed foams, the degree of phase separation (DPS) was determined by analysing the intensities of the carbonyl stretching vibrations of the free and hydrogen-bonded groups. A straight baseline was then drawn in the spectrum between 1760 and 1620 cm -1 , and the carbonyl stretching zone was corrected by subtracting the baseline. To estimate the signal strengths, peak modelling of the infrared active carbonyl bands was carried out using the Gaussian curvefitting method in the Omnic spectral analyser. The carbonyl absorption bands were deconvoluted with a number of iterations to determine the best absorbance fits. From the intensities of the characteristic absorbances (A), the degree of phase separation (DPS) could be obtained from Eq. (1), according to Pretsch et al. [18] . 
Results and discussion
Physical and mechanical properties Table 1 presents the physical and mechanical properties of the examined foams. The addition of fillers into a flexible polyurethane foam caused an increase in its apparent density and hardness. The flexibility decreased in all foams containing fillers. The addition of FPNX to the flexible polyurethane foam raised the irreversible strain value higher than that of foam without any filler. The addition of EG did not change the value of the irreversible strain, and the addition of FPNX with EG caused only slight changes to this value. Summarizing, addition of fillers to the flexible TGA TGA was performed to assess the effect of the addition of phosphorous and graphite filler and a combination of the two fillers on the thermal stability of the flexible polyurethane foam. Figures 1 and 2 show thermograms of the research foams. Table 2 summarises the results of the selected parameters obtained from the TGA thermograms.
The decomposition of polyurethanes occurs in two welldefined stages [19, 20] . The temperature corresponding to 5 % mass loss is considered to be the initial temperature of the sample's decomposition process [21] . Furthermore, it should be noted that these changes are not large, and it is possible that higher contents of fillers should be examined to assess the influence of filler content on the properties of FPF. The value of the residue at 600°C was almost two to three times higher than the value of the solid residue after the decomposition of the foams. The highest value of the residue occurred in the foam with EG (FPF ? EG). This result is expected because EG has good thermal stability and its decomposition processes starts in temperatures above 2000°C. Moreover, residue values after TGA indicate that there were a good dispersion of fillers in tested foams.
DMA
DMA is an useful technique to reveal some parameters of polymer materials (e.g., the glass transition temperature (T g ), the energy dissipation and the stiffness). The measurement of the storage modulus (E 0 ), the loss modulus (E 00 ) and the loss tangent (tan d) allows the determination of the glass transition temperature or the softening temperature. Table 3 presents the data obtained from DMA, and Fig. 3 presents the curves of the storage modulus of the tested foams. The storage modulus describes the stiffness of the material and its ability to store energy [22] . The value of the storage modulus was higher in foams with the addition of fillers. The highest value of the storage modulus was determined for the foam with the addition of FPNX ? EG. This result indicates that this foam had the best energy absorption of the tested foams. The loss modulus parameter describes a material's ability to dissipate energy. Tan d is the measurement of internal friction, and the curves of tan d allow the T g values to be determined. Obtaining the glass transition temperature from the tan d curves is the most common technique [22, 23] . The foam with added EG had the highest T g value.
FT-IR
FT-IR is a research technique that allows the chemical structure of a tested material to be analysed. In this study, the influence of the added fillers on the chemical structure of the tested foams was investigated. The typical bonds observed in polyurethanes were studied. Typical peaks observed in polyurethanes are discussed below. The peak at 3296.8 cm -1 is assigned to the N-H stretching vibrations [19, [23] [24] [25] [26] [27] . The peaks at 2971 and 2867 cm -1 are from the asymmetric and symmetric stretching vibrations of CH 2 , respectively [2, 19, 24] . The peak at *2270 cm -1 is assigned to the N=C=O group [1, 2, 19, 28] . The peak at *1717 cm -1 is assigned to the stretching vibrations of hydrogen-bonded C=O groups [17, 19, 24, [28] [29] [30] [31] . The peak at *1530 cm -1 is from amide II (urethane N-H bending ? C-N stretching) [2, 25, 26] . The peak at 1085 cm -1 is assigned to the C-O-C stretching vibrations [24, 29, 30] . Figure 4 illustrates the FT-IR spectrum of the polyurethane foams investigated in this study. Typical peaks for polyurethanes are present. Figure 5 presents the FT-IR spectra of all researched foams. The addition of filler to FPF caused only slight changes in the chemical structure of the FPF. Every peak that is characteristic of FPF is observed.
The introduction of EG led the degree of phase separation to increase, whereas the introduction of FPNX led it to decrease (Table 4 ). This result indicates that EG helps to form a greater number of hydrogen bonds, linking the carbonyl groups of the urethane and urea groupings with the N-H groups, but the introduction of FPNX causes the number to decrease. When both additives were introduced, the DPS of the obtained foam was the same as that of the foam in its initial state. The Pyrolysis Combustion Flow Calorimeter (PCFC) test is considered to be a useful tool for assessment of the fire behaviour of mg-sized samples, but it should be remembered that this type of test does not include some effects, such as dripping, swelling or the creation of an insulation barrier, which are present in large-scale tests [32] [33] [34] . Figure 7 presents the heat release rate (HRR) curves of the tested foams. As we can observe, the degradation of the tested foams occurs in two steps, as confirmed by TGA analysis. The first decomposition step (peak 1) can be considered a degradation product of the TDI compounds, and the second decomposition step (peak 2) may be associated with the decomposition of polyether [20] . The addition of research fillers to the FPF led to shift slightly to the right both of these peaks.
The HRR data, the time at which we observe the peak of the HRR (tHRR) and the temperature at which we can observe the peak of the HRR (THRR) were obtained from the PCFC, and they are presented in Table 5 (data relevant to the first peak in the graph) and Table 6 (data relevant to the second peak in the graph -the peak of the maximum HRR).
The results in Table 5 show that the addition of EG and FPNX ? EG extended the time and increased the temperature needed to reach the first peak of the HRR. The time and temperature required to reach the first maximum of the HRR (respectively, tHRR1 and THRR1) were the longest for the foam containing FPNX ? EG. Moreover, it should be noted that the value of the HRR of the first peak (HRR1) was lowest in the foam with FPNX ? EG. The value of the HRR is also the value of the heat release capacity (HRC) in this case. This equivalence follows from the fact that the heating rate was 1°C/s (HRC = HRR/ heating rate) [20] . The heat release capacity is a measure of the real capacity of the material to undergo combustion. This value is considered to be the most important parameter obtained from the PCFC test and the best measurement of the fire hazard of a research material [20, 33] . These results means that the addition of FPNX ? EG to FPF allows better thermal stability and more efficient combustion resistance to be obtained in the first stage of the decomposition of FPF. The results collected in Table 6 indicate that the addition of the EG or FPNX ? EG filler leads to an increase in the HRRmax value. Only the FPNX addition cause the HRRmax value to become lower than that of the foam without any filler. However, any research filler allows the time and temperature required to reach the HRRmax peak to be increased (both of these parameters were the highest for the foam with FPNX ? EG).
Conclusions
As a result of the thermal analysis and flammability measurements, it was found that the addition of FPNX ? EG allows the best thermal stability and fire retardancy properties to be obtained. The foam with Fyrol PNX obtained better linear flammability and HRRmax value results than the foam with EG, but its thermal stability from the TGA measurement was worse than the value for the foam with EG. It was also observed that reducing the amount of Fyrol PNX and replacing it with the same amount of EG allows similar values of linear flammability to be achieved with a simultaneous increase in the thermal stability shown in the TGA study. Moreover, the addition of graphite and phosphorous filler to the FPF cause only slight changes in the chemical structure and mechanical properties, both of which remain within the acceptable norms. The PCFC measurements showed that the addition of FPNX ? EG into FPF led to an extension of the time and an increase of the temperature of the maximum HRR. This method of modification could provide an effective way to reduce the flammability of FPF. However, it should be noted that changes in the properties of flexible polyurethane foam modified with 2.5 wt% addition of the research fillers were not huge, and it is possible that higher contents of fillers should be examined in future research, to assess the influence of the filler content on the properties of FPF. 
